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ABSTRACT
The free-surface distortions induced by a progressive wave past a cylinder are
investigated experimentally. Using the shadowgraph technique, the capillary waves and
the vortex-induced wave are observed at the free-surface. These two major wave patterns
are digitized for analysis. The capillary waves exhibit a two-dimensional structure. They
first appear as the elevation of the free-surface approaches its maximum value. However,
the capillary waves eventually become highly three-dimensional due to the development of
small-scale streamwise structures. The velocity of the quasi-two-dimensional capillary
wave pattern is compared with theory, and a reasonable approximation is obtained. The
vortex-induced wave, arising from vortex formation from the surface of the cylinder,
appears when the free-surface height descends from its maximum height. It eventually
exhibits a three-dimensional pattern and leaves behind a number of small scale vortices,
which cause distortion of the capillary waves.
1. INTRODUCTION
1-1. OBJECTIVE
The mechanism of vortex formation from a cylinder intersecting or below a free-
surface wave is a very intriguing problem in the field of fluid mechanics, with applications
in many areas such as marine pipelines, towing cables, near-surface mines and ships.
Many researchers have investigated experimentally the interaction of vortex pairs or rings
with a free-surface. However, little is known of the vortex formation from a cylinder
beneath a free-surface wave, and the manner in which it causes waves at the free-surface.
The main purpose of this study is to characterize both the vortex and capillary waves at a
free-surface in conjunction with vortex formation from the cylinder. These studies are
performed for three cases involving different locations of the cylinder beneath the free-
surface. A shadowgraph technique and video recording camera were employed for
analysis of the free-surface vortex and capillary patterns.
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1-2. PREVIOUS STUDIES AND INVESTIGATIONS
Little is known about vortex and capillary waves at a free-surface distorted by a
cylinder. Since it is difficult to analyze these phenomena, most research in this area has
been experimental. Most studies have been performed using the shadowgraph technique
and PIV (Particle Image Velocimetry) techniques. Before addressing the major problem
of interest herein, it is necessary to describe previous investigations, which have focused
on the interaction of a vortex with a nominally quiescent free-surface.
Bernal and Kown (1989) experimentally investigated the interaction of a laminar
vortex ring with a free-surface. They showed that as the ring approached the free-surface
at a certain angle, the upper part of the vortex ring deforms and opens its ends to
reconnect to the surface (called a 'reconnection process'). Also Kown (1989) showed that
the lower part of the vortex ring can interact with the free-surface exhibit bifurcation of
the vortex ring. This behavior is ofbasic interest in this study.
Lugt and Ohring (1992) investigated a vortex pair, approaching a deformable free-
surface obliquely at an angle, in a viscous, incompressible fluid. They solved the Navier-
Stokes equations using the finite-difference approach, and showed the directional change
of the trajectories of the vortex pair near the free-surface and the occurrence of waves
driven by the vortex pair. Also, the upper part of the vortex ring reaches the free-surface
first and pushes the free-surface up during its approach. As a result of this, it generates a
distortion of the free-surface. They also determined that surface tension can affect the
direction of the trajectories and the generation of secondary vortices. From their studies,
it is found that the ascending vortex pair causes elevations and indentations of the free-
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surface and vorticity is created at the surface, which IS a prerequisite for surface
deformation, leading to the generation of a small wave.
The interaction of a turbulent vortex ring with a free-surface was experimentally
investigated by Weigand and Gharib (1994). Their experiments were performed using a
combined DPIV (Digital Particle Image Velocimetry) and a shadowgraph technique.
They investigated two major flow cases, one called a trifurcation case and the other a
bifurcation case, that result from the vortex ring/free-surface interaction. In their study,
they used a vortex ring generator to produce a vortex ring moving toward a quiescent
free-surface. By varying the depth of the vortex ring generator, it was shown that two
interaction stages can occur; a transition stage and the fully-developed turbulent stage. A
trifurcation results from the interaction during the transition stage and a bifurcation pattern
occurs during the fully-developed turbulent stage. From their studies, it is concluded that
during the interaction in the transition stage , the vortex ring initially bifurcates into two
separate vortex pairs at a free-surface. Longitudinal wake vortices that appear during the
process lead to the trifurcation pattern at the free-surface. Therefore, trifurcation patterns
are the dominant patterns during the transition stage. Similarly, the interaction in the fully-
developed turbulent stage leads to bifurcation of the vortex ring, which is associated with
multiple reconnections of small scale structures. In addition, they show, by using the
shadowgraph technique, that strong and large vortical structures cause strong surface
deformation. It is also demonstrated that small, distinct and regular waves were observed
at a free-surface in the initial transition stage. However, they did not investigate the
characteristics of the waves that occur due to the vortex interaction at the free-surface.
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Willert and Gharib (1994) observed the interaction process of an undulated vortex
paIr rising toward a free-su#e. Their flow studies were performed using the
shadowgraph technique and DPIV (Digital Particle Image Velocimetry) measurements.
They investigated low Reynolds number interactions, high Reynolds number interactions
and the influence of surface contamination (surfactants) on the vortex interaction process.
It was concluded that the presence of surface tension gradients, which arise from surface
contamination (surfactants), alters the reconnection process significantly and can even
completely prevent the reconnection process. For vortex interactions at high Reynolds
number, there were small capillary waves in front of the main surface disturbance. They
showed the capillary wave structure in front of a turbulent vortex pair during its
interaction with a free-surface. Since capillary waves are too small to observe in the DPIV
image recording, they were observed by the shadowgraph technique. It was found that
vortex tube and U-type vortices appeared during and after the interaction with the free-
surface. These results are part of the disconnection and reconnection processes that occur
during vortex pair interactions with the free-surface.
Regarding the capillary waves at a free-surface, Duncan, Philomin and Kimmel
(1994) experimentally investigated the formation of spilling breaking water waves. In
their studies, the waves were generated mechanically by the wavemaker and they took the
photographs of the wave patterns. It was concluded that, as the wave steepens, a bulge
forms on the forward face of the wave near the crest and capillary waves form on the
water surface ahead of the toe of the bulge. Then, the toe of the bulge moves down and
large amplitude waves with short wavelength grow rapidly on the surface. These ).Vaves
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quickly break down and the flow becomes turbulent. It is theorized that the disturbance
waves are a manifestation of an instability of a shear layer between the fluid in the bulge
and the fluid in the underlying flow.
Longuet-Higgins (1992) examined the steep capillary waves, particularly the
parasitic capillaries often seen on the forward face of short gravity waves. He focused on
the generation of vorticity associated with the pure capillary waves, and observed that as
the wave amplitude increases, the waves become more rounded in the crests and more
sharply curved in the troughs. From his studies, it is concluded that because of the high
value of radian frequency of the capillary waves, the vorticity is much larger than that
generated by the gravity wave itself. Therefore, when capillaries are present, they
contribute significantly to the vortex which is found at the crest of short gravity waves.
Lin and Rockwell (1995) investigated the quasi-steady breaking wave from the
beginning of the capillary wave to a fully evolved breaking wave using the PIV (Particle
Image Velocimetry) technique. They observed the capillary pattern along the trough-crest
surface with changing Froude number. From their studies, it is found that the capillary
pattern shows counterclockwise vorticity at the upstream of the large-scale crest, on the
other hand, clockwise vorticity at the trough and beneath its crest.
The wave motion past a cylinder, such as that considered in the present study, will
give rise to unsteady loading on the cylinder, and one expects an interrelationship between
the foregoing types of free-surface deformation and the cylinder forces. There are some
investigations regarding circulation and force measurement around the cylinder. Jarno-
Druaux and Belorgey (1994) has shown experimentally' circulation around the cylinder
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under waves. They examined the force induced by fluid circulation around the cylinder.
Jarno-Druaux, Sakout and Lambert (1995) investigated the interference between a circular
cylinder and a plane wall under waves.
There is little knowledge of vortex formation and capillary waves past a cylinder
under a free-surface wave. Previous investigations and studies listed above provide good
background information and give guidelines for the present studies.
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2. EXPERIMENTAL METHOD AND TECHNIQUES
2-1. OVERVIEW
The experimental set-up consists of a cylinder which is fixed to the glass side walls
of a free-surface wave tank, a shadowgraph system and an imaging system for recording
the formation of waves at the free-surface. An overview of this system is shown in
Figures 2 through 5.
The aim of this study is to observe the vortex-induced and capillary waves at a
free-surface. In order to achieve this goal, the shadowgraph technique is used. The
location of the cylinder beneath the quiescent water surface is varied and the surface wave
pattern generated by the wave motion is observed. For all three experiments, the cylinder
is placed horizontally beneath the free-surface and normal to the incident wave.
2-2. WAVE TANK
The experiments were conducted in 9.14 m long, 0.91 m high and 0.42 m wide
glass wall wave tank. (Figures 2 and 3). The depth of the free-surface is 0.7m from the
bottom of the wave tank, in order to operate the wavemaker properly and to obtain well-
defined waves. The waves are generated using a wave generating program, called 'wave',
via a personal computer. The operating system consists of a personal computer, an AID
converter (interface box), which inverts the computer signal, a driver which sends the
signals to the servo-motor, a force sensor (force transducer) , a vertical paddle and a wave
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absorber. By specifying parameters such as the frequency and amplitude of the wave, the
wave program enables the user to generate waves with desirable characteristics.
The information from the wavemaker program is transmitted to the AID
converter, which inverts the signals from analog to digital or digital to analog. This signal
from the driver is transferred to a servomotor; the servomotor controls a vertical paddle,
which, in tum, moves back and forth generating waves. A force transducer (force sensor),
which is also located behind the vertical paddle, senses the wave movements and transmits
a feedback signal to the computer program, which sends back the signal as an adjustment,
then re-transmits the signal to the vertical paddle. This feedback system is operable
throughout the experiments. There is a triangular-shaped wave absorber located
downstream of the wave tank. It has dimensions of 0.30 m length by 0.41 m width, and
an inclined angle of 30°, which minimizes wave reflection from the end of the tank.
A 0.0508 m diameter, 0.415 m long cylinder, is fixed horizontally against the side
walls of the wave tank. It is configured so that the span of the cylinder is perpendicular to
the flow.
2-3. SHADOWGRAPH TECHNIQUE
In order to observe the flow distortions at the free-surface, the experiment was
performed using a shadowgraph technique, which involves two mirrors, one translucent
screen, a slide projector for a light source, and imaging systems in the form of a 35 mm
camera and a video recording system (Figure 4).. Regarding theshadowgraph'setup; slide
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projector, with a 300 watts lamp, is used for the light source. The light source is located
beneath the bottom ofthe wave tank and the light from the slide projector goes to the first
mirror which is positioned parallel to the light source. The light beam from the slide
projector should focus on the middle of the first mirror. The first mirror is inclined at 45
degrees, in order to reflect the light beam. The distance from the slide projector to the
first mirror is 2 m. This distance significantly has influence on the light distribution and
intensity onto the screen.
The reflected light was then directed through the semi-transparent glass bottom of
the wave tanle The pattern of the vortex and capillary waves at the wave surface were
projected onto a translucent screen above the tank. Refraction at the curved surface
caused the light to diverge or converge such that bright areas in the shadowgraph images
indicated a convex surface profile, such as surface bumps, capillary wave crests, etc. ,
while the dark regions are surface depressions such as a wave trough, etc.
A OJ m by 0.3 m translucent screen was used to visualize the images from the
free-surface. The location of the screen is 0.189 m above the quiescent, undisturbed free-
surface. This is very important to obtain good results, because it was found that the
quality of the visualized flow behavior at the free-surface strongly depends on the location
of the height of the screen. Also it depends on the light intensity and light distribution on
the screen. In order to obtain good light distribution, the first mirror under the wave tank
should be parallel to the light source and is necessary some adjustment of the angle of
rrurror.
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The image was reflected from the second mirror above the screen, and was
recorded using a 35 mm Nikon F4 camera and two panasonic video cameras, whose signal
was recorded by a super VHS digital cassette recorder.
2-4. VIDEO IMAGING SYSTEM
Study of the vortex-induced and capillary waves involved recording the images
from the second mirror and side mirror with a Panasonic AG1960 super VHS digital
cassette recorder. Also, 35 mm Nikon F4 camera pictures were taken with same
experimental conditions as video images (Figure 5). Imaging was achieved by a Panasonic
WV-BD400 CCD high resolution camera with a Canon TV 18-108 mm zoom lens and a
super VHS recording system. The solid state black-and white Panasonic camera
incorporates a 768(H) by 493(V) pixel image sensor which enables high quality
recordings of the flow structure at a free-surface. Playback of the flow sequences were
shown on a Sony PVM-122 black-and white monitor.
A 35 mm Nikon F4 camera with shutter speed 250, f-stop 5.0, provides high
resolution images of the vortex and capillary waves at the free-surface for each of the
different three cases. Two video cameras were used to record the image of flow structure
at the same time. The purpose of #1 video camera is to take a plan view of the vortices
and capillary waves. Therefore, this camera focused on the second mirror which provides
the images from the screen. The #2 camera takes side view images in the neighborhood of
...... --
the cylinder. The purpose of side view images is to track the change of height of free-
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surface and the distance from the free-surface to the top of the cylinder (surface height)
when vortex and capillary waves are created.
2-5. DEFINITIONS OF CASES
A summary and the definitions of the parameters for each of the three cases are
given in table 1 and Figure 1.
H A hmax hmin Hmax Hmin f c A
(mm) (mm) (mm) (mm) (mm) (mm) (Hz) (m/s) (m)
Case A 0 135 65 -65 6.5 -6.5 0.35 2.74 7.82
CaseB 9 13 13 5 4 -4 0.3 2.02 6.75
CaseC 26 20 29 23 3 -3 0.25 2.44 9.77
Table 1.
2-5-1. Cylinder piercing free-surface during wave motion (Case A)
Case A is of major interest case in this experiment. The conditions for case A are
as follows; the amplitude of the wave is 13.5 mm, its frequency is 0.35 Hz and the distance
from the mean quiescent free-surface to the top of the cylinder is zero. It is observed that
vortex-induced and capillary waves occur at the free-surface in this case. The images
from the 35 mm camera were digitized by the personal computer, using a program called
:'Photostyler' in order to enhance the images. In turn, the images were printed using a 300
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dpi color printer. Using these results, the velocity of capillary wave could be determined.
This aspect will be discussed in more detail in the section on results.
2-5-2. Cylinder immediately beneath free-surface during wave motion (Case B)
For the this case B, the amplitude of the wave is 13 mm, its frequency is 0.30 Hz
and the cylinder is located a distance of 9 mm beneath the free-surface. In this case, a
vortex-induced wave is observed behind the cylinder. It is, however, difficult to see the
capillary waves at the free-surface, compared with case A.
2-5-3. Cylinder located beneath free-surface during wave motion (Case C)
Case C is conducted with the conditions of a 0.2 m wave amplitude, a wave
frequency of 0.25 Hz, with the cylinder located beneath the free-surface. As for case B,
only this vortex-induced wave was detectable.
To obtain good images on the video and eventually for 35 mm camera pictures, it
was found that the light distribution of the slide projector on the screen, the distance from
the slide projector to the first mirror, the location of the studio light at the side wall of the
wave tank, and the height of the screen above the free-surface were critical.
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3. RESULTS AND DISCUSSION
3-1. OVERVIEW
When the free-surface rises, the first small capillary waves appear behind the
cylinder (Figure 7a). It appears that the degree of two-dimensionality of, and the
wavelength between, each capillary wave are different. In the region downstream of the
capillary waves, there are several small-scale vortices which are shown as a black circular
spots normal to the free-surface, as shown in Figure 7a and 8a.
When the free-surface reaches a maximum height (approximately 0.13D from the
quiescent free-surface), corresponding to the images of Figures 9a and 10a, the capillary
waves show several small-scale vortical structures in the downstream. As the capillary
waves move downstream, they show a highly-ordered three-dimensional pattern.
After that, when the free-surface descends from the maximum free-surface height,
the vortex-induced wave, which is rotating counterclockwise, appears behind the cylinder,
as shown in Figure 11 a. The first appearance of the vortex wave exhibits a two-
dimensional structure; at this instant, the three-dimensional capillary waves are observed
well downstream. With increasing time, corresponding to Figures 12a, 13a, and 14a, the
vortex wave takes on a three-dimensional form and several small streamwise vortices exist
along the span ofthe vortex wave. During this time, capillary waves move out of the field
of view. When the free-surface height decreases, as shown in Figure 14a and 15a, the
large-scale vortex wave is partitioned along its span due to the development of several
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small-scale vortices. The number of small-scale vortices decreases as they move
downstream.
3-2. CAPILLARY WAVES
When the free-surface moves from its mean to its maximum height, capillary waves
appear behind the cylinder, as shown in Figure 7a. The wavelength between the capillary
waves is different (Figure 7a, 8a, 9a, and lOa). The early stage of appearance of capillary
waves takes on a two-dimensional structure. Figure 7a shows that the wavelength of
capillary waves is very small. With increasing time, the capillary waves are increasingly
distorted (Figures 8a and 9a).
In Figures 7a and 8a, it is observed that a number of small-scale vortices are
located in the central region of the capillary waves, while the capillary waves are, on the
whole, two-dimensional. The capillary waves have a wavelength larger than in previous
images. At this moment, the free-surface is still going up to the maximum free-surface
height, O.13D.
Willert and Gharib (1994) investigated the modulated vortex pair interaction with
the free-surface. In their studies, the streamwise of the capillary waves in front of the
turbulent vortex pair was examined at high Reynolds number. It can be seen that some
capillary waves interact with each other and they resemble a quasi three-dimensional
structure. It was also observed that quasi two-dimensional capillary waves exist at the
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same time. In the present study, however, the highly-ordered three-dimensional pattern of
the capillary waves are observed throughout the experiment.
When the free-surface height reaches O.IID above the mean free-surface, a
number of the capillary waves appear to be connected by streamwise fingers and three-
dimensional structure emerges. (Figures 9a, and 9b). The image is located 1.2D from the
cylinder. In the field of the shadowgraph image, corresponding to the Figure 9a, the
downstream region of the capillary waves shows more distortions than the upstream
regIOn.
When the free-surface approximately reaches its maximum free-surface height,
O.13D, there are highly-ordered three-dimensional capillary waves. This image is located
1.98D from the cylinder (Figures lOa and lOb). From this Figure, it is found that every
capillary wave undergoes some type of interaction, which results in distortions causing the
formation of three-dimensional structures. It is observed that the distortion of capillary
waves involves a number of the small-scale, streamwise vortices. Figure lOa shows two
large distorted areas along the capillary waves. It is concluded that when the capillary
waves move downstream and interact with small-scale vortices, the entire pattern takes on
a highly-ordered, three-dimensional shape. It is also evident that the location of the small-
scale streamwise vortices corresponds to the location of the region of maximum distortion
of the capillary waves. In Figure lOa, the white line representing a capillary wave is
distorted due to the interaction area between consecutive capillary waves, involving white,
streamwise white strands between the capillaries..
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The three-dimensional capillary waves are still detectable when the first vortex
wave appears (Figure lla). It is observed that the vortex wave and the small-scale
distortions of the capillary wave appear when the free-surface descends from the
maximum height of the free-surface. After the vortex wave becomes three-dimensional,
corresponding to the images of Figures 12a and 13a, the capillary waves move out of the
field of view, then disappear when the free-surface height reaches the height of the mean
free-surface, approximately 0.03D.
In order to allow a direct comparison, the entire series of the capillary and vortex
waves are shown in Figures 17 and 19. Figures 18 and 20 represent the locations of the
shadowgraph images out of the translucent screen.
The velocity of the capillary wave pattern can be obtained from the video images
of the shadowgraph. In order to obtain the velocity of the capillary waves, it is necessary
to mea~ure the distance from the cylinder to the first crest of the capillary wave pattern for
every two frames of video images, up to the point that the capillary waves are distorted.
After the distortion of the capillary waves, it is difficult to measure the displacement. Also
the wavelength between the capillary waves is different after distortions.
The velocity of the capillary waves is plotted in the form of a time-distance graph
using the program called 'Sigmaplot'. Using a regression technique, the slope that
represents the velocity of the capillary waves is obtained. This procedure gives the
velocity of the capillary waves as 0.56 m/sec. However, it is necessary to compare with
theory. Lighthill (1978) gives an equation for the velocity of waves in deep water. He
defined the ripple as waves that have a wavelength less than 70 mm, which includes
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gravity wave and capillary wave. The capillary wave is defined as its wavelength is less
than 4 mm from his study. From the shadowgraph image for <1>=292.1 0, the wavelength
for the first two crest of the capillary pattern is approximately 7.9 mm. For this wave
pattern, its velocity can be obtained using the equation from Lighthill (1978).
where, c=speed of a capillary wave
g=acceleration of gravity, 9.81 m/sec2
p=density, 1000 kg/m3
T=surface tension, 0.074 N/m
k=wavenumber, 2n/A
A=wavelength, 7.9 mm
Using the corrected value of c for finite A, between the first two crests of the capillary
pattern at <1>=292.1°, c=0.27 m/sec is obtained.
3-3. VORTEX WAVE
A vortex-induced wave appears when the free-surface height descends from its
maximum height. In the beginning, the vortex wave exhibits a two-dimensional structure
(Figure 11 a). Capillary waves in the downstream region exhibit a highly-ordered three-
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dimensional structure (Figure lla). From the video images of the shadowgraph, it is
observed that the vortex wave rotates in the counterclockwise direction.
The vortex wave becomes distorted after its initial appearance and takes on a
three-dimensional structure with increasing time, as shown in Figures 12a and 13a. As the
vortex wave moves downstream, it is divided into a large number of small-scale vortices
until the free-surface reaches its minimum height of -D.13D with respect to the height of
the mean free-surface. It can be deduced that the vortex wave leads to the formation of
many small-scale, streamwise vortices.
Many streamwise vortices are observed along the span of the vortex wave in
Figures 14a, and 15a. These small-scale vortices are shown as circular spots in the plain
view of the shadowgraph images of Figures 6a, 14a, and 15a. Therefore, it is concluded
that small-scale vortices are V-shaped, normal vortices facing the free-surface. With
increasing time, the size and number of small-scale vortices decrease as the free-surface
height decreases, leaving a small number of vortices (Figure 6a). These small-scale
vortices still remain while the first capillary waves emerge from behind the cylinder. The
number of small-scale vortices decreases as the size of vortices decreases; this process is
shown when the free-surface height rises from the minimum free-surface height.
Again, it can be seen that, due to the existence of small-scale, streamwise vortices
which are located along the capillary waves, the capillary waves become distorted and take
on a highly-ordered three-dimensional structure.
19
3-4. RELATION OF CAPILLARY AND VORTEX WAVES TO VORTEX
FORMATION FROM CYLINDER
In order to interpret the shadowgraph images, PIV yielded vorticity contours as
shown in Figure 24. A total of 14 side view images are shown for case A. The maximum
and minimum height of the free-surface in PIV images were obtained from the image
interrogation process. Figures 24 f and m show the minimum and maximum heights,
respectively. In the PIV· results, vortices are expressed by several contour lines; dotted
contour lines represent the vortices that are rotating clockWise (negative vortices) and
solid contour lines mean counterclockwise rotating vortices (positive vortices).
The advantage of the PIV results the visualized formation of vortices, m
conjunction with changes of the free-surface. In order to compare with the shadowgraph
images, it is necessary to use the phase angle for each PIV image. The reference image
corresponds to the case when the free-surface height reaches its maximum height.
From the PIV images, it is easy to relate the vorticity contours to the vortex wave,
already shown in Figures 11a through ISa. As shown in these shadowgraph images, a
large vortex-induced wave appears when the free-surface descends from its maximum
free-surface height. This corresponds to phase angles <»=27.70 , 55.40 , 83.1 0 in Figure 23.
One remarkable result from PIV is the formation of well-defined vortices behind
the cylinder. It is found that there are two large vortices which are rotating in opposite
directions near the free-surface (Figures 24 a through d). From the shadowgraph video
images, it is easy to observe that the vortex wave rotates in the counterclockwise
direction. This behavior ofvortex wave is exactly same as the positive vortices in the PIV
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images (Figures 24 a and b). Therefore, it is concluded that the positive vortex described
in the PIV images represents the vortex-induced wave in the shadowgraph images.
However, the negative vortices in the PIV images cannot be seen in the shadowgraph
images.
It is very difficult to observe the capillary waves with PlY. From the shadowgraph
images, it is easily found that capillary waves appear when the free-surface rises from the
quiescent surface height; this surface movement apparently corresponds to PIV images
(Figures 24 k, 1, and m.). Therefore, the first capillary waves appear between the Figure
24 j and k, if it is compared with the shadowgraph image, corresponding to Figure 7a. It
is shown that small vortices, which rotate in the counterclockwise direction and have a
light dense of contour lines, are observed close to the free-surface (Figures 24 e, f, i, and
1).
3-5. EFFECTS OF SUBMERGENCE OF CYLINDER ON CAPILLARY AND
VORTEX WAVES
Although no images are shown here for cases Band C defined in Table 1, we
briefly describe the observations for these cases. For case B, the amplitude of the wave is
13 mm, the frequency is 0.30 Hz and the cylinder is located 9 mm beneath the mean free-
surface height. From the video images of the shadowgraph , the vortex-induced wave is
similar to the vortex wave of case A. However, one of the noticeable results compared
with case A isabsence~ofsignificantGapillary way~sat the free-surface. For case B, the
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minimum free-surface height, which is -0.08D from the mean free-surface height, does not
touch the cylinder during the wave motion. It is presumed that this behavior of the free-
surface partially affects the disappearance of capillary waves at the free-surface.
The conditions for case C are as follows. The amplitude is 20 mm, the waVe
frequency is 0.25 Hz, and the surface height is 26 mm. In this study, neither vortex-
induced wave nor capillary waves are observed. Only very small, irregularly moving
vortices are observed at the free-surface. However, it is found that small and weak
vortices move back and forth at the free-surface. These phenomena will be left for future
work.
22
4. CONCLUSIONS
Capillary waves and a vortex-induced wave have been observed at a free-surface,
due to wave motion past a horizontal cylinder. When the free-surface rises, the first
capillary waves appear behind the cylinder. The early stage of the capillary waves exhibits
a two-dimensional structure. With increasing time, however, the two-dimensional
capillary waves are distorted and become a higWy-ordered three-dimensional pattern. The
interaction with small-scale streamwise vortices leads to higWy-ordered three-dimensional
capillary waves at the free-surface. The capillary waves move out of the field of view
when the free-surface descends to an elevation nearly coincident with the surface of the
cylinder. The velocity of the capillary wave pattern was obtained during the experiment,
then compared with the theory
The shadowgraph technique also shows the vortex-induced wave behind the
cylinder when the free-surface descends from the maximum free-surface height, O.13D.
The first appearance of the vortex wave takes on a two-dimensional structure. Highly
ordered three-dimensional capillary waves are also observed further downstream at this
instant. With increasing time, the vortex wave exhibits a three-dimensional pattern and
several small-scale, streamwise vortices appear along the span of the vortex wave. Finally,
it is observed that only small-scale vortices remain and they affect the formation of the
higWy-ordered three-dimensional capillary waves.
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Figure 7. (a) Shadowgraph image and (b) field ofview for <jF292.l 0, H=O.05D
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Figure 8. (a) Shadowgraph image and (b) field ofview for <1>=312.8°, H=O.09D
33
(a) 4>=333.so, H=O.l1D
Image
~=333.5'
(b)
Figure 9. (a) Shadowgraph image and (b) field of view for 4>=333.so, H=O.l1D
34
(a) $=360°, H=O.13D
1.98D
2.3 D
Image
<\>=360°
(b)
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Figure 15. (a) Shadowgraph image and (b) field ofview for qr=121.9°, H=-O.06D
40
Cylinder
XJD
~----------------------------I
Field of image
~-----------------------------
Figure 16. Definition ofX/D
41
$==292.1°
XID==-0.14
$==312.8°
XID==O
Flow direction
JJ
$==333.5°
XID=I.2
$==360°
XID=I.99
Figure 17. Sequence ofshadowgraph images ofcapillary waves
42
!\
: <1>=312.8° :
~ ---7- 1j>=29-2~~ - - - - - - - - - - - - - - - -~ - - _1
I ,
i l
i i
I I~ . . .. ....•. <p'=:3.3.3:~~.. . :
r ...........,
• l~ . . . . .. . !
~ ~g ,~----~---------------------- ,-----J
~ (
r Il ~ ~
6D
Figure 18. Layout of shadowgraph images of capiUaty wave on shadowgraph
43
X!D=-1.2
Flow direction
JJ
~~lt~~;~
~ .'
·'.1i,-:
XJD=o
XJD=O
Figure 19. Sequence of shadowgraph images ofvortex wave
44
Flow direction
tl
Continued
45
/) Cylinder )
r·--··· .__0_ .... _. __ ... ___._ .. ,____ ._. _____ ... _._.._ ....____ .. _._-_ ....
I ~ 1 1~~~:.:J~~~:V<1>=75.9' I1/<1>=98.9' ! 0<j>=12H9........... .......... . i/....... \
----- ---- ---l
I I
I I
, I
I I
I I
1 II
;_ .. _.. _.. _.. _.. _.. _.. _.. _.. _.. -. -"-"-" I
1 .... -- ............................. __ ••• .j
I
"-'.--_.'--_'.- __ 0' __ - •• _-_ •• _-_ •• _-- •• _-_ •• - I
Field of screen
/
6D
Figure 20. Layout of shadowgraph images ofvortex wave on shadowgraph
46
=>
---1 ---
~
--J D
Cylinder
Xc
Wave
Figure 21. Definition of the distance from the cylinder to the first wave crest, Xc , and the wavelength, A
1.0
0.9 /'-.•
0.8
0.7 /'7\
),jAm • '7 '7
0.6 \
0.5 •
0 ....... 0 \
\ •0.4 (b)
0 '7
\ '7J0.3 0 (a) (c),0
0.2
0 1 2 3 4 5 6 7 8
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